In this paper, we demonstrate an active switching of extremely high Q-factor Fano resonances using vanadium oxide (VO 2 )-implanted THz asymmetric double C-shaped metamaterial (MM) structures. The simulation results indicate the highly temperature-sensitive nature of the double Fano resonances that can be switched at very low external thermal pumping (68 • C), which is only slightly higher than room temperature. We employ the surface current and electric field distributions of the structure to analyze the physical mechanism of the observed switching behavior in the thermally excited Fano MMs. More importantly, by optimizing the asymmetric parameter (offset length), the linewidth of the Fano resonance can reach only 0.015 THz and the Q-factor is as high as 98, which is one order of magnitude higher than that of the traditional MMs. The findings of this work would enable a thermally-induced high-Q Fano resonance MMs for ultra-sensitive sensors, modulators, low threshold switching in metadevices.
Introduction
The fifth-generation mobile communication technology (5G) has been initially realized and gradually began to be commercialized in the world. Therefore, how to accelerate the basic research of the next generation mobile communication technology, namely the sixth-generation (6G) [1] , is the most concerned problem of current researchers. The mainstream frequency band of 5G is 3 GHz-6 GHz, belonging to millimeter wave frequency range. However, to improve the transmission rate, communication bandwidth and information capacity of the system, it has been reported that the working frequency band of 6G network may be elevated to the higher terahertz (THz) region. Due to its high frequency, short pulse, strong penetrability, and low energy, THz wave has been widely used in communication, imaging, sensing and other fields. It is worth mentioning that THz spectrum has not been widely occupied so far, which is very suitable for future wireless communications [2] . Thus, in order to effectively promote the development and application of 6G technology in the future, researchers are committed to developing new THz radiation sources, detectors, and functional devices [3] .
At present, THz functional devices are still relatively scarce, and the main limiting factor is the lack of natural reaction materials. It is generally known that the polar insulating material is transparent to THz waves while the metal electron completely shields THz waves, so the most natural materials hardly respond to THz radiation. The emergence of artificial composite materials called metamaterials (MMs) with periodically or randomly arranged subwavelength resonance unit has greatly solved this problem [4] . Different from natural materials, the dielectric constant and permeability of MMs can be arbitrarily changed by adjusting the micro structure units and their arrangements, so as to achieve effective control of THz waves, such as amplitude, phase, polarization, and wavelength. The unique physical properties of MMs usually originate from the resonance effect of structural elements. Resonance response mainly has three essential characteristics including resonant frequency, modulation depth (or resonant intensity) and Q-factor. To achieve sharp resonance with high Q-factor is the most effective strategy to greatly improve the performance of metadevices. It is of great significance in the fields of hypersensitive biochemical sensors [5] , high-performance filtering [6] , plasmon lasers [7] , and slow light devices [8] . For example, using high Q-factor resonance with very narrow linewidth can realize ultra-sensitive real-time chemical and biomolecular detection, and resonance with large modulation depth will improve the detection sensitivity [9, 10] .
However, due to the limitation of ohmic loss and radiation loss, the conventional metal MM resonance usually has a lower Q-factor (less than 10), which seriously limits the performance of metadevices. To achieve a high Q-factor resonance response, it is necessary to suppress both radiation loss and ohmic loss. In the THz band, most precious metals have very high conductivity, which can be regarded as perfect conductors. Thus, the ohmic loss of the MMs constructed by them is generally very low while the radiation loss is dominant. To obtain the Fano resonance with high Q-factor, it is very important to minimize the radiation loss of MMs. The theoretical and experimental results have confirmed that by introducing the asymmetric structure into the MMs, the high Q-factor Fano resonance response can be achieved [11, 12] . Fano resonance is a linear asymmetric resonance produced by the elimination or interference of a wide continuous spectrum and a narrow discrete resonance [13] . Its physical mechanism is to drive the anti-phase oscillation current to decrease the radiation loss.
It is worth noting that, in addition to the study of MMs with high Q-factor and modulation depth, considering the tunability and flexibility of metadevices in various practical applications, such as optical switches, optical sensors, and ultra-sensitivity spectroscopy, regulation of high Q-factor Fano resonance is also urgently needed. Researchers have focused on tunable THz MMs with high Q-factor and modulation depth, and proposed different types of asymmetric Fano resonance structures, such as dipole bars [14] , metal strip [15] , ring structure [16] , and planar defective [17] . The resonance frequency, modulation depth and linewidth of the Fano resonance can be tuned to a limited extent by adjusting the geometric parameters of the MMs structures in a passive way.
Recently, a small number of research findings have preliminarily demonstrated that if the novel active materials are integrated into MMs, such as semiconductors [18] and graphene [19] [20] [21] with the assist of external stimulation, the Fano resonances will achieve precise active control at additional level, which is of great value to practical applications of metadevices. As a kind of active material, VO 2 has a temperature-sensitive insulator-metal transition (IMT) characteristic. Under the external thermal excitation, its conductivity can be rapidly increased by 4-5 orders of magnitude and is only one order of magnitude lower than that of gold [22, 23] . Therefore, VO 2 has also attracted great attention of researchers in development of high-performance active tunable THz MM devices, such as resonators [24] , modulator [25] , polarization controller [26] , optical switch [27, 28] , beam controller [29] , and absorber [30] .
In this paper, we demonstrate an active switching of extremely high-Q Fano resonances using VO 2 -implanted THz asymmetric double C-shaped MM structure. The simulation results show that the sharp Fano resonance with the high Q-factor can be switched using very low external thermal excitation (68 • C), which is only slightly higher than the room temperature. The simulated surface current and electric field distributions of MM structures are employed to describe the resonance mechanism of the thermally excited Fano MMs. By optimizing the asymmetric parameters (offset length), the Q-factor of Fano resonance can achieve 98, which is one order of magnitude higher than that of the traditional MMs. This kind of high Q-factor MMs have tremendous potential in the fields of ultra-sensitive sensors, ultra-narrow band filters, and optical switches.
VO 2 Materials
To describe the properties of VO 2 thin films in incomplete phase transition, we need to use the effective medium theory (EMT). At present, the most commonly used are Maxwell-Garnett EMT and Bruggeman EMT. Because the metal particles in composite media are non-uniform distribution and the volume fraction of metal components is more than 20% during phase transition, Maxwell-Garnett EMT is not suitable for this condition [31] . In THz band, the IMT characteristics of VO 2 can be described by Bruggeman EMT. The dielectric function ε C can be expressed as
where f v is the volume fraction of the metal region, ε D and ε M are dielectric functions of VO 2 thin films in insulation and metal phase, respectively. The functional relationship between the volume fraction f v and temperature T follows Boltzmann function,
where T 0 is the phase transition temperature, with heating and cooling points 68 • C and 64 • C, respectively; ∆T = 2 • C is the transition width, and f max is the maximum volume fraction of the metal component in VO 2 at the highest temperature. Experimental results show that ∆T = 2 • C and f max = 0.95 [23] . For the insulator component in VO 2 , it can be regarded as a dielectric with dielectric constant ε D = 9 [23] . The dielectric function ε M of metal components in VO 2 can be determined by Drude model. However, the traditional Drude model cannot accurately describe the dielectric function of VO 2 in IMT process. Therefore, to make the Drude model better represent IMT characteristic of VO 2 , a simple generalization was derived based on the impulse response approach and Poisson statistics [32, 33] , and the negative parameter b is introduced [23, 34] ,
where ω = 2πf is the circular frequency of THz wave, ε ∞ = ε D = 9 is the high-frequency limit dielectric constant of VO 2 , ω p is the plasma frequency, which is expressed as,
where N = 1.3 × 10 22 cm −3 is the carrier concentration in the medium, m * = 2m e is the effective mass, m e = 9.1094 × 10 −31 kg is the electronic mass and ε 0 is the vacuum dielectric constant. Γ = 1/τ is the scattering rate, where τ = 2.27 × 10 −15 s is the carrier collision time.
The complex permittivity can be expressed as a summation of real and imaginary parts,
where ε 1 (ω) is the real dielectric function, and σ 1 (ω) is the frequency dependent conductivity. The expression for the conductivity and real dielectric function of VO 2 thin films corresponding to different temperatures in the phase transition process can be acquired by comparing Equation (1) 
Around 1.0 THz, VO 2 film conductivity in the metal phase ≈ 27000 S/m, and b = −0.6579, from previous experimental data [22, 23, 35] . Figure 1 shows conductivities in heating and cooling processes around VO 2 critical temperature (red dot and blue dash-dot curves, respectively) are close to experimental data. The effect of temperature on the real part ε 1 (ω) of the dielectric constant of metal phase VO 2 is negligible.
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VO2-Implanted THz Metamaterials

VO 2 -Implanted THz Metamaterials
The Fano resonance mode switching behavior of the proposed VO 2 -implanted THz asymmetric MM can be characterized by using three-dimensional full wave electromagnetic simulation software COMSOL Multiphysics based on the finite element method. The periodic boundary conditions are set in the x and y direction and the perfect matched layers are assigned along the z direction. The incident THz pulse propagates perpendicularly to the x-y plane and the electric field component is along the y-axis direction. Because the linewidth of the Fano resonance excited by designed MM structure is very narrow, in order to improve the frequency resolution of THz spectrum, the simulated frequency step is set to 0.005 THz, and the ultra-fine grid is adopted. The dielectric constant of polyimide substrate is 2.25 and the dielectric dispersion of gold material is formulated by Drude model, ε(ω) = 1 − ω 2 p /(ω 2 + iγω), where the resonance frequency of plasma is ω p = 1.37 × 10 16 rad/s, the damping coefficient is γ = 4.08 × 10 13 rad/s [36] . In addition, considering the asymmetric line shape of Fano resonance, to fully characterize the resonance characteristics of the metadevice, we define the modulation depth
where T max and T min represent the maximum and minimum transmittances at the resonance frequency, respectively. From the energy point of view, the Q-factor is defined as Q = 2πf 0 × P S /P L = f 0 /∆f, where f 0 is the central frequency of the resonance, P S and P L represent the stored and dissipated energy, respectively, and ∆f is the full width at half maximum (FWHM) of resonance.
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In order to verify the experimental feasibility of the proposed active switching of extremely high Q-factor Fano resonances, the fabrication process and characterization method of the device are described in detail. VO2 films can be successfully prepared by pulsed laser deposition (PLD), sputtering or sol-gel method (SGM). The quality and uniformity of the prepared VO2 films can be accurately characterized by high resolution X-ray diffraction (XRD), Raman spectroscopy and Fourier transform infrared spectroscopy (FTIR). By means of photolithography and a micro-fabrication process, the VO2-implanted THz MMs structure can be easily obtained. First, the VO2 layer is patterned via reactive ion etching after photolithography. Gold films are then deposited on the samples by electron beam evaporation following the second photolithography. Eventually, the samples are fabricated using the lift-off process [37] . In order to verify the experimental feasibility of the proposed active switching of extremely high Q-factor Fano resonances, the fabrication process and characterization method of the device are described in detail. VO 2 films can be successfully prepared by pulsed laser deposition (PLD), sputtering or sol-gel method (SGM). The quality and uniformity of the prepared VO 2 films can be accurately characterized by high resolution X-ray diffraction (XRD), Raman spectroscopy and Fourier transform infrared spectroscopy (FTIR). By means of photolithography and a micro-fabrication process, the VO 2 -implanted THz MMs structure can be easily obtained. First, the VO 2 layer is patterned via reactive ion etching after photolithography. Gold films are then deposited on the samples by electron beam evaporation following the second photolithography. Eventually, the samples are fabricated using the lift-off process [37] .
To accurately characterize the switching behavior of the metadevice, we can employ traditional THz time-domain spectral (THz-TDS) based on femtosecond laser [38] . The measured sample should be placed in a temperature control box so that its surface temperature can be adjusted in real time. At the same time, the area of sample is much larger than that of the THz beam spot, which can ensure the validity of the measurement. The THz time-domain signal and Fourier spectrum information of air reference and sample can be extracted, then the transmission spectrum corresponding different frequencies can be obtained. To eliminate the influence of water vapor noise on the experimental results, the whole experimental measurement must be carried out in nitrogen atmosphere. The thin and transparent polymer substrate in the MM structure will greatly reduce the interference of the substrate to the measured THz spectrum. It should be emphasized that the frequency resolution of THz-TDS will have a great influence on the measured resonance intensity and Q-factor. Therefore, based on the above analysis, we preliminarily predict that as long as the frequency resolution of system is high enough, the results of experiments and simulations will be in good agreement [39] .
Active Switching of Fano Resonances
To excite the strong Fano resonance effect, we set the offset length to 16 µm, and then obtain the MM structure with large asymmetry ratio. Figure 3a describes the transmission response of the proposed VO 2 -implanted MM structure for heating process. The blue curve represents the transmission spectrum of the metadevice at low temperature (45 • C). We only observe a broad eigen resonance mode at 0.700 THz excited by dipole resonance (acts as a bright mode), which has a wide bandwidth of 0.385 THz and low Q-factor of 3. When the VO 2 -implanted MM is radiated by thermal pump of 58 • C, the double Fano resonance modes are excited on both sides of the eigen resonance, including Fano 1 at 0.515 THz and Fano 2 at 1.160 THz (behaves as a dark mode). Upon further enhancement of the pumping heat, Fano resonance dips attenuates gradually, and a small red shift occurs at the resonance frequency, it is completely switched when the pump power is increased to 68 • C. The pumping temperature of 70 • C will not affect the Fano resonance any more. The observed Fano resonance in the thermally excited VO 2 -implanted MMs is mainly due to the destructive interference caused by the asymmetry of the structure. Its physical mechanism is the resonance interaction between the wide dipole mode and the sharp discrete mode.
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The simulation results shown in Figure 3 have clearly characterized the excellent switching performance of the metadevice. To describe the continuously tunable process more vividly under the external thermal excitation, the two-dimensional THz transmission spectrum changing with frequency and temperature has been simulated and is shown in Figure 4 . For the heating process described in Figure 4a , we can see that the weak Fano 1 can be excited at around 60 • C. With the increasing temperature, Fano 2 is also excited and the resonance intensity is gradually strengthened. When the metadevice is heated to 70 • C, the intensity of Fano resonance reaches the maximum. Simultaneously, the simulated results given in Figure 4b describe the continuous tunability of Fano resonance better by using the cooling process. The initial cooling does not effectively affect the Fano resonance of both Fano 1 and Fano 2 until the temperature dropped to about 60 • C. The Fano resonances are gradually switched off with the decrease of external temperature. When the temperature dropped to 55 • C, the Fano resonance completely disappears. The simulated two-dimensional plot clearly shows that compared with the heating process, it is not easy to switch off the Fano resonance by cooling the structure. That is to say, the switch process of Fano resonance realized by utilizing the temperature control is not reversible. Herein, it should be highlighted that the active switching of Fano resonance can be realized by using very low heat pump closest to the room temperature, which is difficult to obtain in other tunable Fano devices. The simulation results demonstrate the highly temperature-sensitive nature of the sharp Fano resonances to the external thermal stimulus.
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In addition, there is an obvious physical phenomenon in Figures 3 and 4 that cannot be ignored, that is, at low temperature (45 • C), we have not only observed an eigen resonance mode in the whole spectrum, but also two sharp micro resonance dips with low transmission at 0.635 THz and 1.295 THz. It can be explained as follows: Although VO 2 behaves as an insulator at low temperature, it is still not completely transparent to THz waves and has a small loss, which destroys the symmetry of the structure a little and produces the two small Fano resonance dips. From another point of view, this physical phenomenon also further confirms the physical mechanism of Fano resonance excited by the asymmetry of the MM structure.
Analysis of Physical Mechanism
In order to clarify the basic properties and internal physical mechanism of the thermal controlled Fano resonance in detail, we simulated the surface current and electric field distributions at the corresponding resonant frequency for the low (45 • C) and high (70 • C) temperatures, as shown in Figure 5 . The surface current in the asymmetric VO 2 -implanted MM structures can be decomposed into a series of current oscillation units, which is equivalent to the electromagnetic waves radiated from the electric dipole to the far field. The physical mechanism of resonance can be well explained by the theory of electromagnetic scattering and dipole radiation [40] . For eigen resonance mode of 0.700 THz at low temperature shown in Figure 5a , the surface current and electric field intensity are mainly concentrated in the relatively small C-shaped structure on the right side and the induced current direction is the same as the incident THz electric field along the y axis. The electromagnetic field radiated by the corresponding electric dipole produces constructive interference, which results in high radiation loss, and creates the dipole resonance with a low Q-factor.
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For the extremely sharp Fano 2 in Figure 5d , it is clear that there are multiple current and electric field oscillation nodes in the MM structures. The phase of current oscillation is both opposite in the x and y directions, resulting in the cancellation of the electric dipole moment. So, the radiation loss is significantly suppressed. More importantly, the diffraction coupling effect plays an indispensable role in the creation of a high Q-factor Fano resonance [39] . The simulated surface electric field distributions corresponding to Fano 2 clearly show that the ultra-strong local current and electric field are coupled in the asymmetry VO 2 -implanted MM structures. The coupled electric field energy of Fano 2 is two orders of magnitude higher than that of the eigen resonance shown in Figure 5b .
According to the theory of diffraction coupling [41] , the resonant frequency of lattice surface mode is f LSM = c i 2 + j 2 /np, where c represents the speed of light in vacuum and n is the refractive index of substrate, p is the lattice constant of the MM array (the period length), and i, j is the order of lattice mode. The calculated resonant frequency of the first-order lattice surface mode corresponding to the asymmetry VO 2 -implanted MM structures at high temperature is 1.112 THz, which is very close to the response frequency of Fano 2. Hence, THz photon energy can be strongly restricted in the MMs through diffraction coupling, which greatly enhances the energy stored in the subwavelength resonant unit. Based on the above analysis, the incident THz photon energy is strongly bounded in the MMs and the radiation damping is suppressed by the cancellation interference of electric dipole, which leads to the extremely high Q-factor of Fano 2.
To further optimize the Q-factor and modulation depth of the Fano resonances, we study the influence of asymmetric parameters on the spectral response. Figure 6a,b show one-and two-dimensional graphs of the simulated THz transmission spectra corresponding to different asymmetric parameters (offset length a), respectively. It can be seen that when the offset length is 0 µm, i.e. the symmetrical double C-shaped structure is presented, we can only observe the eigen resonance excited by dipole resonance in the whole transmission spectrum, as the dark blue curve shown in Figure 6a . As expected, the increasing offset length breaks the symmetry of the structure, inducing the resonances of Fano 1 and Fano 2 on both sides of the eigen resonance. Interestingly, the increasing offset length makes the eigen resonance mode move to the high frequency range (the blue shift), while the excited Fano 1 and Fano 2 shift to the low frequency (the red shift). The resonance linewidth is gradually widened and the resonance dip is significantly attenuated.
Appl. Sci. 2020, 9, x 9 of 13 structure coupled electric field energy. For the Fano 1 induced by the high temperature metal phase VO2 shown in Figure 5c , the surface electric field and current are mainly concentrated in the relatively large C-shaped structure on left side. The current in the x direction always anti-phase oscillates (i.e., pointing in the opposite direction). Therefore, the equivalent dipole moment produced by the oscillating current along the x direction can almost cancel each other, which greatly reduce the radiation damping of the MM structures and promote the formation of a high Q-factor resonance. For the extremely sharp Fano 2 in Figure 5d , it is clear that there are multiple current and electric field oscillation nodes in the MM structures. The phase of current oscillation is both opposite in the x and y directions, resulting in the cancellation of the electric dipole moment. So, the radiation loss is significantly suppressed. More importantly, the diffraction coupling effect plays an indispensable role in the creation of a high Q-factor Fano resonance [39] . The simulated surface electric field distributions corresponding to Fano 2 clearly show that the ultra-strong local current and electric field are coupled in the asymmetry VO2-implanted MM structures. The coupled electric field energy of Fano 2 is two orders of magnitude higher than that of the eigen resonance shown in Figure 5b .
According to the theory of diffraction coupling [41] , the resonant frequency of lattice surface
where c represents the speed of light in vacuum and n is the refractive index of substrate, p is the lattice constant of the MM array (the period length), and i, j is the order of lattice mode. The calculated resonant frequency of the first-order lattice surface mode corresponding to the asymmetry VO2-implanted MM structures at high temperature is 1.112 THz, which is very close to the response frequency of Fano 2. Hence, THz photon energy can be strongly restricted in the MMs through diffraction coupling, which greatly enhances the energy stored in the subwavelength resonant unit. Based on the above analysis, the incident THz photon energy is strongly bounded in the MMs and the radiation damping is suppressed by the cancellation interference of electric dipole, which leads to the extremely high Q-factor of Fano 2.
To further optimize the Q-factor and modulation depth of the Fano resonances, we study the influence of asymmetric parameters on the spectral response. Figure 6a,b show one-and twodimensional graphs of the simulated THz transmission spectra corresponding to different asymmetric parameters (offset length a), respectively. It can be seen that when the offset length is 0 μm, i.e. the symmetrical double C-shaped structure is presented, we can only observe the eigen resonance excited by dipole resonance in the whole transmission spectrum, as the dark blue curve shown in Figure 6a . As expected, the increasing offset length breaks the symmetry of the structure, inducing the resonances of Fano 1 and Fano 2 on both sides of the eigen resonance. Interestingly, the increasing offset length makes the eigen resonance mode move to the high frequency range (the blue shift), while the excited Fano 1 and Fano 2 shift to the low frequency (the red shift). The resonance linewidth is gradually widened and the resonance dip is significantly attenuated. Using the surface current and electric field distributions in Figure 5 , we can easily understand the influence of offset length on the resonant spectrum. For the eigen resonance, the electric field intensity is mainly coupled to the C-shaped structure on the right side, while the corresponding electric field intensities of Fano 1 and Fano 2 are mainly distributed on the right-side C-shaped structure. Therefore, the increase of offset length results in the extension of the left geometrical length and the reduction of the right side. The arm length is inversely proportional to the response frequency in MMs, which produces different resonant modes [42] .
We analyze the relationship between the Q-factor and modulation depth of Fano 1 and Fano 2 with the offset length, as shown in Figure 7a ,b. Although obtaining the maximum Q-factor and the modulation depth at the same time is the pursuit of many device applications, there is a significant trade-off between the Q-factor and the modulation depth of these two Fano resonances. For Fano 1, as the offset length changes from 3 µm to 30 µm, the Q-factor drops sharply from 33 to 4 while the modulation depth increases rapidly from 63.5% to 99.4%, as shown in Figure 7a . For Fano 2, as long as a small offset length is introduced, Fano 2 will appear immediately and the Q-factor is up to 98 while the modulation depth is only 16.5%, as shown in Figure 7b . It should be noted that Fano 1 and Fano 2 are dark modes that cannot be obtained in symmetry structure and they only appear when symmetry of structure is destroyed. Changing the asymmetric parameter will not lead to the essential change of these two resonances, but will greatly affect their Q-factor and modulation depth.
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Using the surface current and electric field distributions in Figure 5 , we can easily understand the influence of offset length on the resonant spectrum. For the eigen resonance, the electric field intensity is mainly coupled to the C-shaped structure on the right side, while the corresponding electric field intensities of Fano 1 and Fano 2 are mainly distributed on the right-side C-shaped structure. Therefore, the increase of offset length results in the extension of the left geometrical length and the reduction of the right side. The arm length is inversely proportional to the response frequency in MMs, which produces different resonant modes [42] .
We analyze the relationship between the Q-factor and modulation depth of Fano 1 and Fano 2 with the offset length, as shown in Figure 7a ,b. Although obtaining the maximum Q-factor and the modulation depth at the same time is the pursuit of many device applications, there is a significant trade-off between the Q-factor and the modulation depth of these two Fano resonances. For Fano 1, as the offset length changes from 3 μm to 30 μm, the Q-factor drops sharply from 33 to 4 while the modulation depth increases rapidly from 63.5% to 99.4%, as shown in Figure 7a . For Fano 2, as long as a small offset length is introduced, Fano 2 will appear immediately and the Q-factor is up to 98 while the modulation depth is only 16.5%, as shown in Figure 7b . It should be noted that Fano 1 and Fano 2 are dark modes that cannot be obtained in symmetry structure and they only appear when symmetry of structure is destroyed. Changing the asymmetric parameter will not lead to the essential change of these two resonances, but will greatly affect their Q-factor and modulation depth. To reflect the superior performance of the proposed active switching, we provide a clear comparison between the parameters of designed metadevice with others previously reported experimentally and numerically among the literature [18, 19, 43, 44] , including THz metamaterial type, type of switching, resonance frequency, Q factor and modulation depth, the results are shown in Table 1 . It can be seen that compared with the VO2 implanted THz MMs, the graphene, photosensitive silicon and MEMS MMs can also be employed to realize the switching behaviors of Fano resonance. However, the tunable range of the constitutive parameters of materials is limited, which leads to the low modulation depth. For the switch control type, the electronic control switch needs to design complex electrode structure in the MM structure, which greatly increases the difficulty of device processing. We can easily realize the switching function by light excitation, but this increases the cost of metadevice to a large extent. It is exciting that the thermal control switch designed by us can realize the active regulation of two Fano resonance modes (0.52 THz and 1.16 THz) at the same time. The control temperature is close to room temperature, and the Q-factor and modulation depth can also be kept at a higher level, which is difficult to achieve in other active switches. To reflect the superior performance of the proposed active switching, we provide a clear comparison between the parameters of designed metadevice with others previously reported experimentally and numerically among the literature [18, 19, 43, 44] , including THz metamaterial type, type of switching, resonance frequency, Q factor and modulation depth, the results are shown in Table 1 . It can be seen that compared with the VO 2 implanted THz MMs, the graphene, photosensitive silicon and MEMS MMs can also be employed to realize the switching behaviors of Fano resonance. However, the tunable range of the constitutive parameters of materials is limited, which leads to the low modulation depth. For the switch control type, the electronic control switch needs to design complex electrode structure in the MM structure, which greatly increases the difficulty of device processing. We can easily realize the switching function by light excitation, but this increases the cost of metadevice to a large extent. It is exciting that the thermal control switch designed by us can realize the active regulation of two Fano resonance modes (0.52 THz and 1.16 THz) at the same time. The control temperature is close to room temperature, and the Q-factor and modulation depth can also be kept at a higher level, which is difficult to achieve in other active switches. [44] Voltage 0.89 9 38
Conclusions
In conclusion, we have demonstrated an active switching of extremely high-Q Fano resonances by utilizing the VO 2 -implanted THz symmetry-broken double C-shaped MMs. Due to the IMT characteristic of VO 2 , the active switching of Fano resonances can be realized at a very low external heat pump (68 • C), which is only a little higher than the room temperature. The simulation results confirmed the highly temperature-sensitivity nature of the Fano resonances of the proposed metadevice, which is difficult to be achieved in other devices. At the same time, using the cooling process, we can completely switch off the excited Fano resonances. It should be highlighted that the regulation processes of the Fano resonances base on the means of heating and cooling are quite different, and it is more difficult to switch off the Fano resonances by using the cooling process. In order to clarify the basic properties and internal physical mechanism of the thermal controlled Fano resonances, we simulated the surface current and electric field distributions at the corresponding resonant frequencies for the low (45 • C) and high (70 • C) temperatures. To further optimize the Q-factor and modulation depth of the Fano resonances at high temperature (70 • C), we have investigated the influence of asymmetric parameter (the offset length) on the spectral response, which show a significant compromise between the Q-factor and the modulation depth. The resonant linewidth of Fano 2 at 1.160 THz is 0.015 THz and the extremely high Q-factor is 98, which is one order of magnitude higher than that of traditional MMs. For the technologically difficult THz region, the designed thermally-induced Fano resonance MMs would open up avenues for advanced design and realization of high-performance photonic devices, such as ultra-sensitive sensors, modulators, and low threshold switching.
